Tracer gas studies and oxygen uptake measurements have shown that pressurized gas transport improves oxygen supply to roots in the wetland tree species Taxodium distichum L. Rich. (Tawodiaceae),
Introduction
Variation in the depth of the water-table of European floodplain forests as well as springtime flooding of riverine temperate forests create two problems for the plants that grow there; oxygen deficit and the accumulation of phytotoxins. The oxygen content of the soil is consumed within hours to days of flooding, until finally the soil becomes anoxic (Armstrong 1978 , Crawford 1978 ,1982 . For plants in wet environments, the main stress factor is this frequent or permanent oxygen deficit. A large portion of these plants consists of chloroplast-free tissues, the cells of which rely on an external oxygen supply to meet their energy requirements. Water plants and flood-tolerant species have evolved physiological and anatomical mechanisms to enable them to survive in partially or totally anaerobic soil conditions. Oxygen supply to roots by diffusion is only effective over short distances (Armstrong 1979 , Drew et al. 1985 . Over long gas transport pathways, as, for example, in trees that provide oxygen to their root systems from aboveground tissues, diffusion alone may be insufficient. However, tree species growing in wet or frequently flooded sites have adaptations that improve the oxygen supply to their roots. The well known cypress "knees," mangrove prop roots, adventitious roots, and aerenchyma formation have long been recognized as such adaptations.
Pressurized gas transport in alder was recently recognized as an additional mechanism by which an increased flow of air can be supplied to submerged plant organs (Grosse and Schroder 1984 , Schroder 1989 . The thermo-osmotically active GROSSE, FRYE AND LA'ITERMANN partition required for pressurized gas transport was localized within the phellogen layer of the lenticellular meristem of black alder, Alnus gfutinosa (L.) Gaertn., which has intercellular pores with a nearly optimal average diameter of 14 run (Btichel and Grosse 1990) . When the stem is warmed relative to the surrounding air through the absorption of radiant energy by the darkly pigmented bark, a flow of gas from the atmosphere into the stem occurs in accordance with a physical effect that has been described by many different terms (reviewed by Grosse and Bauch 1991) , but which is defined now as thermo-osmosis of gases (Haase 1969 ). This gas flow generates a positive pressure in the stem's intercellular system causing a flow of air to the roots. The flow increases not only the oxygen partial pressure in the roots, but also the rate of oxygen loss to the rhizosphere. Besides black alder, thermo-osmosis has been reported in the closely related grey alder, Alnus incana (L.) Moench. (Grosse et al. 1990 ).
The question arises whether the potential for pressurized gas transport is a specific trait of plants with a particular systematic relation, or whether it is an adaption to habitats of varying water-tables and flooding in plants with more widely diversified systematic relationships. In the present experiments, therefore, we examined the potential for pressurized gas transport by thermo-osmosis of gases in several distantly related tree species.
Materials and methods

Plant material
One-year-old seedlings from a nursery were potted in equal parts of sand and potting soil and kept in the gardens of the Botanical Institute of the University of Cologne. To study the oxygen supply to the tree roots during the transition from a dry to a water-saturated soil environment no pre-treatments were applied to acclimate the trees to waterlogging.
The experiments were carried out in the summer while the trees were in full leaf. The species Betulu pubescens J.F. Ehrh. and Populus tremula L. were also investigated during the winter dormant period.
Tracer gas measurements
Trees, with their roots carefully washed free of soil, were sealed in a glass apparatus (Figure l) , which is similar to that described by Grosse and Schroder (1984) , but with the following modifications. The upper chamber, which has a volume of 200 ml, was constructed to allow the tree to protrude through a two-part, gas-tight lid, so that only the lowest 10 cm of stem, important for gas entry into tree shoots (Armstrong 1968) , was enclosed in the chamber. The tracer gas was introduced to the gas space of the upper chamber by a 10 ml injection of 100% ethane. Both gas spaces were connected to the atmosphere by long, narrow tubes (0.5 mm inside diameter and 15 m in length), to prevent pressure gradients within the system. The lower chamber was sampled periodically by a gas-tight Hamilton syringe, and the ethane content of the sample was measured by gas chromatography (HP model 57OOA GC) according to Grosse and Schroder (1984) .
Oxygen uptake measurements
Additional observations were made by means of the polarographic method of oxygen determination. A Clark-type disk electrode was installed in the bottom of a measurement chamber, and connected to a battery powered control box (Type CBI, Hansatech Ltd., Harwick Industrial Estate, Norfolk. UK). The chamber. filled with tap water, enclosed a plant's root system, and was sealed gas-tight with Terostat IX (Teroson, Heidelberg, Germany). A syringe needle was introduced to the chamber through a gas-tight septum in the chamber's lid, and connected by silicon tubing to a water reservoir. The reservoir was covered with liquid paraffin (Merck, Darmstadt, Germany) to restrict gas exchange with the atmosphere. The system allows the water lost by transpiration to be replaced, while simultaneously restricting air entry into the chamber.
Respirator?, COr, production I he response of tree root respiration to varying temperature was estimated tram the rate of net CO;? production using the infrared gas analysis technique (IRGA model WA-225MK 3 with mode switching unit WA-357-MK 3, ADC, Hoddesdon, Herts, UK). For these measurements, the trees, with their roots carefully washed free of soil, were sealed in a temperature-controlled measuring chamber connected to the infrared gas anaiyzer.
Irradiation treatments
In some treatments, a 150 W spotlight bulb (Type PAR 38 FLOOD 2 x 15, Philips, The Netherlands) was used at a distance of 38 cm to generate a pressure gradient by thermo-osmosis in the stem (photon flux at the stem surface was 230 pmol m-l s-r).
Only the lowest third of the stem, the ienticel-rich region required for gas transport in black alder (Grosse and Schroder 1985) , was illuminated. The upper portion of the stem was shaded.
Light measurements
Light intensity was measured with a quantum sensor and recorded with a datalogger (model LI-1000, Li-Cot-, Inc., Lincoln, Nebraska, USA).
Temperature measurements '1 he temperature differences between the stem and the surrounding air were measured with a digital differential thermometer (Model 9010, Testoterm, Lenzkirch, Germany) and two NiCr-Ni thermocouples. One probe was carefully inserted in the bark on the illuminated side of the stem, while the other probe was positioned in the shade behind the stem. Temperatures are given in degrees Kelvin (K), because the thermo-osmotic effect is the result of a physical process that depends on the absolute temperature difference, irrespective of the physiological activity of the tree.
Root volume measurements
The volume of the root system was calculated from the increased level of a constant volume of water inside a graduated cylinder after submerging the roots of the tree from the stem base downward. Entrapped air bubbles were removed by agitating the immersed root system.
Results and discussion
The tracer pas measurements showed that the diffusion rates of gas through leafy trees in the dark (i.e., no pressurized gas transport) varied widely among the species tested (Table 1) . Populus tremula, Tilia cordata Mill., Bet&a pubescens, and Acer pseudoplatanus L. released, on average, 101, 138, 149, and 155 nmol, respectively, of the test gas ethane h-' tree-', whereas the values for Taxodium distichum L. Rich. and Fraxinus excelsior L. (105 1 and 1741 nmol ethane h-' tree-', respectively) were about one order higher. The results are in accordance with those reported by Grosse and Schrijder (1985) for different tree species. The large standard deviations did not reflect large experimental error, but showed that there were pronounced differences in gas permeability among trees of the same species, which had been randomly selected for these assays from a population of 100 seedlings per species. By irradiating the stem, a temperature gradient between the stem and the surrounding air of approximately 4 K was induced. Under these conditions, the rate of tracer gas release from the root system increased in all species tested except Acer pseudoplatanus. Taxodium distichum and Populus tremula showed significant increases in ethane release rates of 177 and 144% (light as % dark), respectively (t-test, P < 0.05). From recent studies on black alder Schrijder 1984, 1985) we know that such a light-stimulated ethane release results from pressurized gas transport. but the rates of stimulation (in the present study) were lower than the values of 189-26 1% reported for leafy black alder trees.
In the other species. the increased rate of ethane release was less (Table I) , which can in part be attributed to a temperature-dependent increase in the diffusion rate. With respect to the effect of temperature on the diffusion coefficient (D) of Ficks' Table 1 . Gas flux through one-to two-year-old leafy trees of various species in relationship to a light-induced temperature gradient in the stem. Ethane was supplied as a tracer gas in the air surrounding the stem, and the gas flux through the tree and out of the roots was measured by gas chromatography. Dark = stem shaded, Light = stem in a photon flux of 230 kmol m-' SC'. The photon flux resulted in a temperature difference between the stem and the surrounding air of 4 K. According to t-tests, the stimulation in light as % dark was significant at a level of P < 0.05 (S) or not significant P > 0.05 (NS); n = number of trees measured. (where DO = diffusion coefficient at 273 K, TI = actual temperature in K, and TO = 273 K) a 10 K temperature increase (corresponding to the increase in laboratory temperature during the irradiation procedure plus the irradiation-induced increase in stem temperature of 4 K) increases the diffusion rate by about 7 percent. To illustrate the dependence between gas diffusion rate and gas transport rate during stem irradiation, one species with a high diffusion rate (7"odium distichum) and two species with relatively low rates (Betulu pubescens and Populus tremula) were chosen, and the rate of gas transport in the light versus that in the dark plotted for individual trees. The lines drawn through the plots in Figure 2 hypothetical (not measured) relations where no change occurs in the light. Here the large differences among the individual trees become clear. The higher a point is above the line, the more discernible is the light-induced increase in the absolute value of the gas transport rate. For Tuxodium distichum, with only a single exception, the values lie above the line. For Bet&a pubescens and Populus tremula, several points fall below the line. From the high variation, it was apparent that, in the absence of other adaptations, individual trees vary in their tolerance to periods of root anoxia caused by soil waterlogging. On the other hand, for trees with low gas diffusion and gas transport rates, we believe that this tracer gas method may be too insensitive for exact measurements. Therefore, an additional method was adopted to measure gas transport to roots. Because transport of gas (in particular, oxygen) from the stem to the roots is increased by pressurized gas transport, one would expect to measure a decrease in the rate of oxygen uptake from the rhizosphere. The experiments using the polarographic method show that, for leafy trees, cultivation under thermo-osmotic conditions led to a reduction in oxygen uptake by the roots (Table 2 ). In Taxodium distichum and Bet&a pubescens, the oxygen uptake rate responded strongly to irradiation of the stem, decreasing to 67 and 76% of the rate in the dark, respectively. In Populus tremufa, radiant heating of the stem was less effective, whereas in Zlex aquifolium and Alnus viridis (Chaix) DC. the values were not significantly different from the dark controls. These results indicate a light-induced gas transport that varies Table 2 . Oxygen uptake by the roots of various species of one-to two-year-old species from an aqueous medium at 5 "C. The oxygen concentration of the medium was measured polarographically. AT = difference of absolute temperature between stem and surrounding air, induced by irradiation of the lower stem part. Dark = stem shaded. Light = stem in a photon flux of 230 umol mm2 s-t. The reduced oxygen uptake was calculated from light as % dark. According to t-tests, the reduction was highly significant at a level of P < 0.01 (S) and not significant P > 0.05 (NS), respectively; II = number of trees measured. in effectiveness among species. The leafless specimens of Betula pubescens and Populus tremula have even greater decreases in oxygen uptake rate when their stems were irradiated (to 32 and 49% of their dark rates, respectively). The results for these species agree with the higher gas transport rates observed in Alnus glutinosa in a leafless condition (Grosse and Schroder 1985) . Because no substantial seasonal variation in the porosity of the thermo-osmotically active partition in Alnus glutinosa (Btichel and Grosse 1990) has been observed, the lower gas transport rates in leafy trees may result more from gas leakage from leaves or bark during secondary growth of the stem than from varying pressure build-up by thermo-osmosis. From recent oxygen exchange measurements on alder roots (Grosse et al. 1990 ) we know that the gas transport effect becomes more evident when the oxygen demand of the root system is low. Therefore, the present experiments were performed at 5 "C to reduce the respiration rate, and to simulate the temperature found at the edges of ice-covered lakes during winter, where roots of deciduous trees like alder and poplar survive in the temperate and boreal zones. This temperature was also not detrimental to the roots of Taxodium distichum (Figure 3) , which is the species in the present study most sensitive to chilling. All five individual trees that were assessed showed a linear increase of respiratory CO2 production in the range of 5 through 25 "C.
Species
To partition the effect of thermo-osmotically transported oxygen from that which passively diffuses from the atmosphere through the tree, the stem of Taxodium distichum and leafless specimens of Betula pubescens were covered with stopcock grease to seal the lenticels and prevent gas exchange with the atmosphere. The absolute oxygen requirements of the root systems were measured and used to calculate the diffusive and thermo-osmotic components of the total gas flux Root volumes are 4.41 (A), 11.1 (0) , 11.25 (O), 11.41 (II), and 13.14 (*) cm3 tree-', respectively. (Table 3) , which was enhanced by stem irradiation by 252 and 433% (light as % dark) in Betula pubescens and Taxodium distichum, respectively.
The results show that pressurized gas transport is not restricted to Alnus species, but occurs in other wetland trees, and can lead to substantially improved oxygen supply to the roots. Pressurized gas transport, which has been described in various floating-leaved plants (Dacey 1980 ,1981 ,1987 , Grosse and Bauch 1991 , Grosse and Mevi-Schlitz 1987 , Grosse et al. 1991 , Mevi-Schutz and Grosse 1988a . 19883. Schriider et al. 1986 ), in Phragmites australis (Armstrong and Armstrong 1991) as well as in wetland trees (Grosse and Schroder 1984 , Grosse et al. 1990 , Schroder 1989 can be seen as an adaptation evolved by species growing in seasonally or permanently flooded areas. Our results provide additional support for this theory by demonstrating pressurized gas transport to roots in typical flood-plain trees of the European temperate zone such as Alnus glutinosa as well as trees from wet sites of the montane and boreal zones such as Alnus incana. Pressurized gas transport was also found in Betula pubescens, Taxodium distichum, and Populus tremula. The potential for pressurized gas transport was not found in Acer pseudoplatanus and Ilex aquifolium, which thrive in drier soils. In comparison, Fraxinus excelsior is able to grow in wet soils without pressurized gas transport on account of its naturally high diffusion rate in the dark.
Compared to the ventilating air flow through floating-leaved plants, the effectiveness of pressurized gas transport in black alder is relatively low (Grosse et al. 1991) . Table 3 . Oxygen uptake of the roots (A) and calculated oxygen supply through stems (B) of leafless trees of species Bet& pubescens (n = 8) and Tuxodium distichum (n = 9) from an aqueous medium at 5 "C. The oxygen concentration of the medium was measured polarographically. DarkLs = stem shaded, lenticels sealed with stopcock grease. Dark = stem shaded. Light = stem under a photon flux of 230 l.tmol rn-' s-'. The photon flux resulted in a difference of absolute temperature between the stem and the surrounding air of 4 K. According to t-tests, the stimulation of oxygen supply through stem in light as % dark was very highly (HS) or highly (S) significant at P = 0.001 and P = 0.01, respectively.
Oxygen uptake by roots (pmol h-i tree-') This appears to be true in the other wetland trees investigated in the present study, but oxygen supply to the roots may be improved sufficiently to stimulate ethylene production, which is greatest at low oxygen partial pressures in the cortical tissues of maize roots and highly stimulative to aerenchyma formation (Jackson et al. 1985) . Enhanced aerenchyma formation, in concert with proliferation of stem lenticels, would improve root oxygen permeability as reported for swamp tupelo Nyssa sylvatica (Hook et al. 1970 (Hook et al. , 1971 ) and black alder Alnus glutinosa (Grosse and Schrijder 1985) .
Our results show that the potential for pressurized gas transport is not a species or genus specific trait, but rather an adaptation common to many distantly related species subject to oxygen deficit in wet soils. Species from drier habitats do not possess this gas transport mechanism.
